The sequence of the dsr gene region of the phototrophic sulfur bacterium Chmmatium winosum D (DSMZ 1803 was determined to clarify the in wiwo role dissimilatory sulfite reductase are part of a gene cluster, dsrAB€FHCMK, that encodes four small, soluble proteins (DsrE, DsrF, DsrH and DsrC), a transmembrane protein (DsrM) with similarity to haem-bbinding polypeptides and a soluble protein (DsrK) resembling [4Fe4S]=cluster=containing heterodisulf ide reductase from methanogenic archaea. Northern hybridizations showed that expression of the dsr genes is increased by the presence of reduced sulfur compounds. The dsr genes are not only transcribed from a putative promoter upstream of dsrA but primary transcripts originating from (a) transcription start site(s) downstream of dsrB are also formed. Polar insertion mutations immediately upstream of dsrA, and in dsrB, dsrH and dsrM, led to an inability of the cells to oxidize intracellularly stored sulfur. The capability of the mutants to oxidize sulfide, thiosulfate and sulfite under photo1 ithoautotrophic conditions was unaltered. Photoorganoheterotrophic growth was also unaffected. 'Reverse' sulfite reductase and DsrEFHCMK are, therefore, not essential for oxidation of sulfide or thiosulfate, but are obligatory for sulfur oxidation. These results, together with the finding that the sulfur globules of C. vinosum are located in the extracytoplasmic space whilst the dsr gene products appear to be either cytoplasmic or membranebound led to the proposal of new models for the pathway of sulfur oxidation in this phototrophic sulfur bacterium.
INTRODUCTION
A wide variety of enzymes catalysing sulfur redox reactions have been isolated from phototrophic sulfur bacteria (Truper & Fischer, 1982; Fischer, 1989; Brune, 1989; Dahl & Truper, 1994; Brune, 1995a) . However, to some of these, specific in uiuo functions could not be assigned. Flavocytochrome c (Dolata et al., 1993; Chen et al., 1994) and sirohaem sulfite reductase (Schedel et al., 1979) are only two examples of biochemically wellcharacterized proteins whose roles in the oxidation of The Gen3ank accession number for the sequence reported in this paper is
U84760.
reduced sulfur compounds are still unclear. On the other hand, the enzymes responsible for several of the sulfur transformations catalysed by phototrophic sulfur bacteria, among them the oxidation of sulfide and sulfur, have not conclusively been identified. Two possibilities have been discussed for the initial step in sulfide oxidation, the first of which is oxidation to elemental sulfur catalysed by a sulfide dehydrogenase. The sulfide dehydrogenase has been proposed to be flavocytochrome c, other c-type cytochromes or sulfide : quinone oxidoreductase, depending on the organism studied (reviewed by Brune, 1989 Brune, , 1995a . It has also been proposed that H,S might, at least in part, be oxidized directly to sulfite by a sirohaem sulfite reductase enzymes which are generally located in the cytoplasm. During the oxidation of sulfide and thiosulfate, phototrophic sulfur bacteria of the family Chromatiaceae form sulfur as an intermediate which is stored inside the cell. In the light of the recent finding that the sulfur globules in C . vinosum are located extracytoplasmically (Pattaragulwanit et al., 1998) it appears impossible that cytoplasmic sulfite reductase can directly oxidize sulfur as has been proposed by Truper (1984) . It has also been hypothesized that the sulfur globules of phototrophic sulfur bacteria are formed on a side branch of the main sulfide oxidation pathway and must be reduced back to sulfide prior to further oxidation (Triiper, 1984) . A cytoplasmic sulfite reductase could be essential for this pathway.
As experimental evidence has not been obtained for any of the suggested functions of sulfite reductase, we cloned and sequenced 5'-and 3'-flanking regions of the C. vinosum dsrAB genes encoding this protein. Analysis of the sequence data and phenotypic characterization of strains with mutations at the dsr locus allowed us to propose new models for the sulfur oxidation pathways in phototrophic sulfur bacteria.
METHODS

Bacterial strains and plasmids, media and growth conditions.
The strains and plasmids used in this study are listed in Table 1 . 
Sulfur oxidation in Chromatiurn vinosum
Escherichia coli strains were cultured in LB medium (Sambrook et al., 1989) . IPTG and X-Gal were included in solid media to identify recombinant plasmids containing inserts in the a portion of EacZ. C. vinosum was grown and harvested as described earlier (Dahl & Truper, 1994 ; Pattaragulwanit & Dahl, 1995; Dahl, 1996) . Antibiotics were used at the following concentrations (in pg ml- , 1997) . Chromosomal DNA of C. vinosum strains was obtained by Sarkosyl lysis (Bazaral & Helinski, 1968) and purified by ethidium bromide/caesium chloride density-gradient centrifugation or by phenol/chloroform extraction and dialysis against water. Southern hybridizations were performed overnight at 68 "C as described previously (Dahl et al., 1994) . PCR with Taq DNA polymerase was done essentially as described by Dahl (1996) . DNA probes for Southern and Northern hybridization experiments and screening of libraries were digoxigenin-labelled by PCR and colony hybridizations were performed following the protocol of Boehringer. Double-stranded DNA was sequenced with the Silver Sequence system (Promega) and universal and de-novosynthesized oligonucleotide primers. Nucleotide sequences were compiled and analysed with the DNASIS software (Pharmacia). Cloning of the dsr locus. The region downstream of dsrB was cloned by using a PCR-amplified fragment from nucleotide 1298 to 3037 of the sequence presented in Fig. 1 as a probe to identify several positive clones with a 4.8 kb XhoI insert in a library of 4 5 4 8 kb XhoI fragments of chromosomal C. vinosum DNA in the pBluescript vector. Sequencing of the positive clone pAPla revealed the presence of several complete ORFs and one ORF that was truncated at the 3' end. To analyse the missing part of this ORF, a clone with a 4 kb BglII fragment was isolated from a library of 3 . 5 4 5 kb BglII fragments in the pBluescript vector which had previously been digested with BamHI. A PCR-amplified fragment covering nucleotides 4086-4636 of the complete sequence was used as a probe in this step. Conjugative plasmid transfer and gene replacement. The plasmids used for the construction of C. vinosum strains with mutations in several of the dsr genes are listed and described in Table 1 . Mobilizable plasmids were transferred from E. coli SMlO to C. vinosum SM5O by conjugation (Pattaragulwanit & Dahl, 1995) . Transconjugants were selected on RCV (Weaver et al., 1975) plates with 0 3 % malic acid and 0 5 g yeast extract 1-1 containing the appropriate antibiotics under anaerobic conditions in the light. Growth could be enhanced by addition of 20% PFAT (Pattaragulwanit & Dahl, 1995) to the RCV plates. Approximately 95 '/o of the recombinants analysed had lost the vector-encoded antibiotic resistance indicating that a double-crossover recombination had occurred. The genotypes of the C. vinosurn recombinants used in this study were confirmed by Southern hybridization and PCR. RNA isolation and Northern hybridizations. Total RNA from C. vinosum was isolated following the protocol for rapid RNA isolation from Gram-negative bacteria described by Ausubel et al. (1997) . After precipitation of the RNA with ethanol a red pellet was obtained. The RNA was further purified using the RNeasy Total RNA kit (Qiagen). After addition of 08-1-0 U RNasin ribonuclease inhibitor (Promega) pl-' the RNA was stored at -70 "C. RNA was electrophoresed in agarose/formaldehyde gels (0.9 % agarose, 6.3% formaldehyde, 1 x MOPS buffer (40 mM MOPS, 10 mM sodium acetate, 2 mM EDTA, pH 7.0). Samples of 10 pg RNA in a total volume of 8 pl were mixed with 0 5 U RNase-free DNase (Promega) and incubated for 5 min at 37 "C. Turnover of reduced sulfur compounds. This was measured in batch culture and sulfur compounds were determined as described by Dahl (1996) .
RESULTS
Nucleotide sequence of the dsr locus
Recently, we reported the cloning and sequencing of the genes, dsrA and dsrB, encoding the two subunits of sirohaem sulfite reductase from C. vinosum (Hipp et al., 1997) . As a further step in the systematic examination of this region, we cloned and sequenced upstream and downstream flanking regions and obtained a contiguous sequence of 6976 bp. Downstream of dsrB six complete ORFs are present, which we termed dsrEFHCMK. These are closely spaced and all are preceded by putative ribosome-binding sites (Fig. 1) . All six ORFs show a codon usage typical for C . vinosum (not shown) and a G + C content ranging from 59.6 to 63.6 mol YO, which is slightly lower than the 64.3 % found for total C. vinosum DNA (Pfennig & Triiper, 1989) . A putative promoter region conforming to the consensus sequence of E . coli promoters (Lisser & Margalit, 1993) was found upstream of dsrA (Fig. 1) . Two inverted repeats with a potential for formation of hairpin loop structures (free energy of formation -92.8 and -1644 k J mol-l) were found beween dsrB and dsrE. These structures could function as transcription terminators ; however, poly (T) sequences located directly downstream of such hairpin loops in typical eubacterial rho-independent transcription terminators (Reynolds et al., 1992) are not present in the C . vinosum sequence. dsrE, dsrf and dsrH encode similar proteins dsrE, dsrF and dsrH encode polypeptides of 130,136 and 102 amino acids with calculated molecular masses of 146, 15.6 and 126 kDa, respectively. The theoretical isoelectric points for these proteins lie at pH 5*7,42 and 4.7, respectively. All three deduced proteins are predicted to be soluble and cytoplasmic due to the lack of regions able to form transmembrane helices and the lack of potential signal peptide sequences. A comparison of the derived protein sequences with sequences deposited in the databases was done with the Y-BLAST program (Altschul et al., 1997) . The only matches found were with hypothetical proteins from E. coli, Haemophilus influenzae and methanogenic archaea ( (Klenk et al., 1997) and to the products of the potential yccK genes from E . coli and H. influenxae (Table 2) . A conspicuously high sequence similarity is found at the C terminus of these proteins (Fig. 2b) . The strict conservation of a single cysteine residue in this region may hint at a catalytic function of DsrC in the metabolism of sulfur compounds. The dsuC-encoded gene product is co-purified with the dissimilatory sulfite reductases from some sulfate-reducing bacteria (Pierik et al., 1992; Arendsen et al., 1993; Steuber et al., 1995) . For Desulfouibrio desulfuricans, a possible function of DsrC in thiosulfate and trithionate reduction has been pointed out (J. Steuber, personal communication, cited in Voordouw, 1995) .
dsrM exhibits similarity to membrane-bound &-type cytoch romes
DsrM is deduced to be a protein of 243 amino acids with a molecular mass of 27.9 kDa and a PI of 9-85. As shown in Table 2 , optimum sequence similarity is shared with 
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* Derived from Y-BLAST score; P-value represents the probability that the observed similarity had occurred by chance. Low P-values indicate a high probability of two proteins being structurally related.
the cytochrome 6 subunits of bacterial nitrate reductases, the haem-6-containing subunit HdrE of heterodisulfide reductase from the archaeon Methanosarcina 6arkeri (Kunkel et al., 1997) and with predicted 6-type cytochromes from the sulfate reducers A. fulgidus (Klenk et al., 1997) and D. vulgaris (Hmc5; Rossi et al., Hofman & Stoffel, 1993) of DsrM indicates the presence of five potential membrane-spanning helices (Fig. 2c) . The N terminus is predicted to be in the periplasm. Four of the seven histidine residues are part of transmembrane helices and are strictly conserved in the haem-6-containing proteins similar to DsrM. These histidines have been proposed to ligate a low-potential haem 6, oriented towards the periplasmic side of the membrane and a high-potential haem 6, oriented towards the cytoplasm (Berks et al., 1995 (Fig. 3) , which leads to premature termination of transcription of the affected gene and downstream genes in the same transcription unit. As expected for a classical purple sulfur bacterium (Brune, 1989) , the wild-type oxidized sulfide first to intracellular sulfur, which was further oxidized to sulfate when sulfide was depleted. Mutants 37D, 31D, 34D and 3SD, with polar mutations upstream of dsrA, and in dsrB, dsrH and dsrM, respectively, oxidized sulfide to sulfur with rates comparable to those of the wild-type; however, the ability of the cells to oxidize intracellular sulfur was completely abolished (Fig. 4a) . Mutant 34s exhibited a greatly reduced rate of intracellular sulfur oxidation. This mutant arose by single crossover recombination with plasmid pAP34 and should be able to form DsrA, -B, -E, -F, -H and -C. The very C-terminal end of DsrM is altered probably not changing the protein's properties, and DsrK cannot be formed unless the respective gene is transcribed from a promoter downstream of the Km a insertion site in the second, inactivated copy of dsrH. The effect of a mutation in the dsr genes on thiosulfate oxidation is illustrated for mutant 31D in Fig. 4(b) . Typical for C. uinosum at pH 7.0 (Smith, 1946) , the wild-type and the mutant oxidized part of the thiosulfate to tetrathionate, which was not further metabolized. The other part of the thiosulfate is split to sulfide and sulfite. Whilst sulfite is directly oxidized to sulfate, sulfide first appears as intracellular sulfur and is then oxidized to sulfate (Truper & Fischer, 1982; Brune, 1989 Brune, ,1995a . The wildtype showed this typical oxidation pattern, whereas the mutant accumulated sulfur but was not able to further oxidize it. Sulfite oxidation was not affected in the dsr mutants (not shown). All mutants also grew normally under photoorganoheterotrophic conditions (not shown).
Co-M-S-S-B-Co
Sulfide induction experiments and mRNA analysis
For C. uinosum SM50 (wild-type), two different distinct mRNA bands of 2.5 and 1.4 kb were detected with a dsrAB (nucleotides 1298-2500) probe (Fig. 5) . Distinct bands over 2.6 kb that would have indicated a common transcript dsrABEFHCMK were not detected, even after prolonged film exposure. The formation of a common transcript cannot, however, be excluded, because such a long mRNA may be very unstable. As hybridization with the dsrAB probe led to the detection of a smear reaching up to a size of approximately 6.0 kb, degradation of RNA may indeed have occurred and the bands at 2.5 kb and 1.4 kb could represent specific or even unspecific degradation products. Nevertheless, hybridization with the dsrAB probe yielded important information when RNA from photoheterotrophically grown and from sulfide-induced cells was compared. The latter cells were harvested when they had just begun to oxidize stored sulfur. Photoheterotrophically growing C. vinosum contained far lesser amounts of mRNA hybridizing with dsrAB than sulfur-oxidizing cells (Fig.  5) . The finding that dsrAB are transcribed at a low level in the absence of reduced sulfur compounds is not in agreement with earlier results of Schedel et al. (1979) who were unable to detect sulfite reductase in malategrown cells. The level of sulfite reductase in these cells might, however, have been below the detection limit or further regulation mechanisms may work at the posttranscriptional level.
A dsrC probe (nucleotides 40844401) reacted with an mRNA of approximately 0.9 kb. In addition, the wildtype showed a faint smear with a maximum size of 2.5 kb and very faint signals resulting from RNAs of even bigger sizes. In contrast to the hybridizations with dsrAB, the intensity of the signal was independent of the presence of sulfide in the medium. Mutant 21D contained the same 0.9 kb band that was found for the wildtype (Fig. 5) .
DISCUSSION
The nucleotide sequence of the C. vinosum dsr locus at first sight suggests that the dsrABEFHCMK genes form a single transcriptional unit. A sequence resembling a ' ' promoters was found upstream of dsrA and the following genes are separated by short intergenic sequences in which further putative promoter sequences are not apparent. A distinct transcript long enough to cover the whole sequenced dsr region was, however, not detected and mRNAs of different sizes reacted with dsrAB and dsrC probes. As the occurrence of these mRNAs is not co-ordinately regulated in C. uinosum, they cannot result from the degradation of a common, longer transcript covering dsrAB as well as dsrC unless the stability of the processed transcripts is different under different growth conditions. As the same 0.9 kb RNA reacts with dsrC in the wild-type and in mutant 21D, we conclude that transcription of the dsr genes can start at at least two different promoters, one of which must be located downstream of dsrB, the insertion site of the interposon in mutant 21D (Fig. 2) . In this respect it is interesting to note that the sequence between dsrH and dsrC has a conspicuously low G + C content of only 35.7 mol%, which may indicate a function in transcription initiation or regulation. The smear of longer RNAs detected in the wild-type with the dsrC and the dsrAB probes indicates that transcripts covering the whole sequenced dsr locus may in addition be formed in vivo. The 2.5 kb mRNA detected with dsrAB represents the length expected for a transcript originating from the putative promoter upstream of dsrA and ending at the hairpin loop structures downstream of dsrB. A sequence conforming to the proposed consensus for RNase E cleavage sites (G/A)'A'TT(A/T) (Ehretsmann et al.,
1992) occurs immediately downstream of these inverted
repeats (Fig. 1) . It has been suggested that RNase E requires a hairpin loop structure in close proximity to its recognition site for maximal cleavage rates. Further experimentation is necessary to clarify whether the 2.5 kb transcript arises from transcription termination at the hairpin loops or from degradation of a longer transcript.
Strains with interposon mutations in the dsr genes grew normally under photoheterotrophic conditions. The oxidation of sulfide to sulfur, of thiosulfate to tetrathionate, of sulfite to sulfate, and the initial splitting reaction during thiosulfate oxidation to sulfate were not affected in the dsr mutants but all mutant strains showed a reproducible inability to oxidize intracellularly stored sulfur under photolithoautotrophic growth conditions. This provides strong evidence for the participation of the dsrABEFHCMK-encoded proteins in sulfur oxidation. As already discussed, Northern hybridizations has to be transported across the membrane -probably in a reductively activated form -before it can serve as a substrate for the dsr-encoded proteins. The idea that sulfur has to be reductively activated before further oxidation is supported by the finding of Hurlbert (1968) that thiol-binding reagents like N-ethylmaleimide inhibit sulfur oxidation in C. uinosum.
As pointed out above, DsrM is similar to the membranebound haem-6-binding y subunits of dissimilatory nitrate reductases, the direct electron donor of which is ubiquinol or menaquinol (Craske 8c Ferguson, 1986; Berks et al., 1995) . In the course of quinol oxidation, protons are released to the periplasm by these polypeptides. In C. vinosum, DsrM could either function as a quinol oxidase like the nitrate reductase y subunits or operate in the reverse direction as a quinone reductase. For both cases, models for the pathway of sulfur oxidation can be envisaged and are illustrated in Fig. 6 .
In model A it is assumed that extracytoplasmic sulfur is made available for cytoplasmic sulfite reductase by reduction to the level of sulfide which either diffuses into or is actively transported to the cytoplasm. heterodisulfide reductases, which implies a function in the oxidation of two thiols or the reduction of a di-or persulfide. One possibility is that the electrons from sulfide oxidation are used to reduce a hypothetical disulfide and that the resulting two thiols are oxidized by DsrK, regenerating the disulfide. DsrC contains a single conserved cysteine residue which could play a role in such a scenario. An additional weakness of model A is that it does not explain how the reductive activation of extracytoplasmic sulfur is achieved. Furthermore, it is unlikely that sulfur is indeed reduced back to hydrogen sulfide. First, the problem arises as to how the cell would be able to prevent immediate reoxidation of periplasmically developing sulfide to sulfur. Second, it is difficult to explain why oxidation of sulfide to sulfite catalysed by sulfite reductase should not occur in parallel to sulfide oxidation resulting in sulfur globule formation. If the components and compounds involved in sulfur formation and those functioning in sulfur oxidation were different, the cell would be able to perform and regulate each step independently.
Model B in Fig. 6 takes these considerations into account and suggests that DsrK plays an indirect role in the reductive activation of the relatively inaccessible stored sulfur. DsrM could function as quinol oxidase and donate electrons to DsrK, which in turn could reduce a hypothetical disulfide. We have depicted the simplest case, i.e. that the disulfide is a perthiol which upon reduction yields a thiol and sulfide. Sulfide could then be directly oxidized by cytoplasmic sulfite reductase whilst the thiol could be transported to the extracytoplasmic space and nucleophilically attack sulfur, thereby regenerating the perthiol. After transport of this compound to the cytoplasm, the cycle could start again. This model is supported by findings of Bartsch et al. (1996) who reported that C. vinosum specifically accumulates the persulfide form of glutathione amide as well as three further as yet unidentified perthiols when growing photoautotrophically on sulfide. Bartsch et al. (1996) speculated that the observed perthiols could act as carrier molecules of sulfur to and from the sulfur globules. To our knowledge, information about transport of thiols and perthiols across membranes is not available for phototrophic bacteria, but such a transport is feasible and could be mediated by specialized transport proteins.
Working as a quinol oxidase, DsrM would extrude protons to the periplasm. When C. uinosum fixes CO, in the presence of reduced sulfur compounds, photosynthetic electron flow can be considered essentially linear and the proposed system could contribute to Ap.
On the other hand, a high Ap generated by cyclic electron flow, especially under conditions where CO, assimilation is limited, could exert a thermodynamic back pressure on the system and lower the rate of sulfur oxidation. Without knowledge about the pool sizes, redox potentials and regulation of the components involved in such a system, it is at present not possible to decide if it could function in uivo. Taken together, these findings may point to a connection between sulfur metabolism and hydrogenase in purple sulfur bacteria. In these organisms, a function has not yet been assigned to hydrogenase (Albracht, 1994).
We are far from clearly understanding the functional mechanism of sulfur oxidation in phototrophic sulfur bacteria and much more work is needed to exactly define the structural and catalytic properties of the dsr-encoded polypeptides in C. vinosum. However, the results presented in this paper allowed important insights into the oxidation of intracellularly stored sulfur, a pathway that has so far been very difficult to approach experimentally. The presented hypotheses are speculative but should provide incentives for the design of further experiments to study this interesting pathway.
